The innate immune system recognizes viral dsRNA through two distinct pathways; the Toll-like receptor 3 (TLR3) pathway detects dsRNA phagocytosed in endosomes; the helicases retinoic acidinduced protein I (RIG-I) and melanoma differentiation-associated gene-5 (mda-5) detect cytoplasmic dsRNA generated during viral replication. Both RIG-I and mda-5 can bind polyriboinosinic:polyribocytidylic acid (polyI:C), the synthetic analog of viral dsRNA, and mediate type I IFN responses to polyI:C and multiple RNA viruses in vitro. We generated mda-5-deficient mice and showed that mda-5 is the dominant receptor mediating type I IFN secretion in response to polyI:C in vitro and in vivo. Moreover, mda-5؊͞؊ mice exhibited a selectively impaired antiviral response to encephalomyocarditis picornavirus, indicating functional specialization of mda-5 in vivo.
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innate immunity ͉ virus T o detect RNA viruses, the innate immune system must be able to sense conserved viral components (1) . During infection of host cells, these viruses generate RNA-RNA strand pairs in the process of RNA-dependent RNA synthesis. Some DNA viruses also produce dsRNA during their life cycle. Thus, dsRNA can function as a pathogen-associated molecular pattern (PAMP) signaling viral infection (1) . Indeed, this PAMP is recognized by the innate immune system, eliciting a prompt antiviral response. The synthetic analog of viral dsRNA, polyriboinosinic:polyribocytidylic acid (polyI:C), triggers the innate immune system to secrete the antiviral cytokines IFN-␤ and IFN-␣ as well as cytokines that induce an inflammatory response.
The innate immune system has developed two pathways for the recognition of dsRNA (2) . One pathway is mediated by Toll-like receptor 3 (TLR3) (3) . Because of its endosomal location (4), TLR3 allows cells to detect dsRNA that is phagocytosed from the extracellular space where it is released by virally infected cells that undergo lysis or necrosis (5) . TLR3 may also allow detection of dsRNA viruses that are internalized from the extracellular space through receptor-mediated endocytosis. TLR3 signals through the TIR domain-containing adaptor TRIF (6, 7) , which activates TANK-binding kinase-1 through TRAF3 (8, 9) and the inducible I-B kinase IKK-. These kinases phosphorylate and activate IFN regulatory factors 3 and 7 (10, 11) , which mediate transcriptional activation of IFN-␤ and IFN-␣ genes as well as IFN-inducible genes (12, 13) . TRIF also triggers a signaling cascade that activates NF-B and the transcription of proinflammatory cytokine genes (2) . The TLR3 pathway has been implicated in the host responses to respiratory syncytial virus and influenza A virus infections in vitro (14, 15) and West Nile virus and murine cytomegalovirus (MCMV) infections in vivo (7, 16) . However, additional in vivo studies with lymphocytic choriomeningitis virus, reovirus, and MCMV have indicated that antiviral responses are also mediated by pathways independent of TLR3 (17, 18) .
A second pathway for detection of dsRNA is mediated by cytosolic sensors of dsRNA, which allow all cells to directly detect intracellular viral infection (2, 19) . The prototypic cytosolic sensor is the dsRNA-dependent protein kinase (PKR). PKR is a serinethreonine kinase that binds dsRNA in its N-terminal regulatory region and induces phosphorylation of the ␣ subunit of the eukaryotic protein synthesis initiation factor 2 (eIF2␣), blocking cellular protein synthesis (20) . PKR-deficient mouse embryonic fibroblasts have defective type I IFN responses to polyI:C and some RNA viruses, such as the encephalomyocarditis virus (EMCV) (21) . However, this defect is completely corrected by pretreatment of cells with type I IFN, suggesting the existence of type I IFNinducible mechanisms for the recognition of dsRNA. Moreover, PKR is not essential for in vivo responses to RNA viruses (21, 22) . Recently, the IFN-inducible helicase retinoic acid-induced protein I (RIG-I) has been shown to bind polyI:C and mediate type I IFN responses to polyI:C in transfected cells (23, 24) . RIG-I contains a DExD͞H box RNA helicase domain, which unwinds dsRNA through its ATPase activity, and a caspase recruitment domain (CARD). Overexpression of RIG-I in transfected cells enhanced cellular secretion of type I IFN in response to Newcastle disease virus (NDV), vesicular stomatitis virus (VSV), and EMCV. RIG-I-deficient primary cells revealed reduced type I IFN responses to NDV, VSV, Sendai virus, hepatitis C virus, and West Nile virus infections (25) (26) (27) (28) . Because RIG-IϪ͞Ϫ mice are embryonic lethal or die within a few weeks of birth (25) , the function of RIG-I in antiviral responses in vivo is unclear.
The melanoma differentiation-associated gene-5 (mda-5), also known as Helicard, is another cytoplasmic sensor of dsRNA that contains a helicase domain and a CARD (29) (30) (31) (32) . mda-5 is ubiquitously expressed in low abundance and is induced by IFN-␤ and TNF-␣. In transfected cells, mda-5 triggers type I IFN responses to NDV; inhibits EMCV, vesicular stomatitis virus, and NDV replication; and induces type I IFN-mediated inhibition of tumor cell growth (24, 30, 31 ). An essential role for mda-5 in antiviral responses is suggested by the existence of paramyxovirus proteins that antagonize mda-5 function, most likely to neutralize host responses (24, 30) . Additionally, it has been shown that mda-5 is cleaved by apoptotic cells, and the processed protein significantly sensitizes cells to DNA degradation (32) . Nonetheless, the function of mda-5 in antiviral responses in primary cells and in vivo remains uncertain.
Through the CARD, both RIG-I and mda-5 recruit an adaptor protein containing an N-terminal CARD, designated IPS-1, MAVS, VISA, or Cardif (24, (33) (34) (35) (36) . This molecule is present in the outer mitochondrial membrane and mediates sequential recruitment and activation of TANK-binding kinase-1, inducible I-B kinase (IKK-), and IFN regulatory factor 3, ultimately leading to type I IFN secretion. The RIG-I͞mda-5͞ IPS-1 pathway is targeted by viral and endogenous inhibitors. As a means of immune evasion, hepatitis C virus targets IPS-1 through the protease NS3-4a and attenuates type I IFN responses (24, 26, 36 -38) . The endogenous protein LGP2, which contains a helicase domain but lacks a CARD, has been proposed as a negative regulator of RIG-I and mda-5 (24, 39) .
Because both mda-5 and RIG-I can detect dsRNA in the cytosol, induce type I IFN responses through the same signaling pathway, and are targeted by common inhibitors (24) , it is unclear whether RIG-I and mda-5 serve redundant functions or specialize in the recognition of different viruses. To address the role of mda-5 in vivo, particularly in mediating type I IFN responses to dsRNA and viruses, we generated mda-5Ϫ͞Ϫ mice. Challenge of mda-5Ϫ͞Ϫ dendritic cells (DC) and macrophages in vitro and mda-5Ϫ͞Ϫ mice in vivo with polyI:C demonstrated that mda-5 is the main cytosolic receptor for polyI:C. mda-5Ϫ͞Ϫ DC and macrophages exhibited a selective impairment of type I IFN and proinflammatory cytokine secretion in response to the picornavirus EMCV, whereas responses to other RNA viruses were slightly impaired, if at all. Moreover, mda-5Ϫ͞Ϫ mice succumbed earlier than WT mice after EMCV infection in vivo. These results reveal a unique role of mda-5 in the recognition of polyI:C and an unexpected viral specificity within the cytosolic sensors of dsRNA.
Results
Normal Development of mda-5؊͞؊ Mice. mda-5Ϫ͞Ϫ mice were born at the expected Mendelian frequency and survived normally until at least 6-8 weeks of age. The viability of mda-5Ϫ͞Ϫ mice is in striking contrast with that of RIG-IϪ͞Ϫ mice, most of which were embryonic lethal or died within a few weeks of birth (25) . RNA blot ( Fig. 1 ) and RT-PCR (data not shown) analyses revealed that abrogation of mda-5 transcript in mda-5Ϫ͞Ϫ mice did not affect expression of RIG-I transcript. Flow cytometric analysis of mda-5Ϫ͞Ϫ mice did not reveal major differences in the lymphoid cell populations (B, CD4 ϩ T, CD8 ϩ T, ␥␦ T, natural killer cells, DC, and plasmacytoid DC) in the spleen, thymus, peripheral blood, and lymph nodes or in bone marrow precursor populations (data not shown). Therefore, in contrast to RIG-I, mda-5 appears to be dispensable for development, including that of the immune system. transfected cells (24, 30) . However, because primary cells express additional sensors of polyI:C, such as TLR3 and RIG-I, it remains unknown whether mda-5 is essential for polyI:C recognition or is redundant. To address the contribution of mda-5 to polyI:C responses in primary immune cells, DC and macrophages were generated from bone marrow cells of mda-5Ϫ͞Ϫ and WT mice and were stimulated with polyI:C to induce type I IFN secretion. We used high concentrations of naked polyI:C (100-3 g͞ml) as well as low concentrations of polyI:C (1.5-0.05 g͞ml) complexed with a transfection reagent that optimizes polyI:C effects by facilitating intracellular delivery. Strikingly, secretion of IFN-␣ in response to polyI:C was completely abrogated in mda-5Ϫ͞Ϫ cells as compared with WT cells (Fig. 2a) . mda-5 deficiency also abrogated type I IFN responses to dsRNA generated by in vitro transcription (Fig. 7 , which is published as supporting information on the PNAS web site). Because a prior study demonstrated that dsRNA induces up-regulation of costimulatory molecules through TLR3-dependent and independent mechanisms (40), we investigated the contribution of mda-5 to this up-regulation. Interestingly, mda-5Ϫ͞Ϫ and WT bone marrow-derived DC exhibited similar cell surface expression profiles of B7.1 (CD80), B7.2 (CD86), and CD40 (data not shown).
To compare the relative contributions of mda-5 and TLR3͞ TRIF to polyI:C-induced secretion of type I IFN, we stimulated mda-5Ϫ͞Ϫ and TLR3Ϫ͞Ϫ bone marrow-derived DC with polyI:C and measured the levels of IFN-␣ and IFN-␤ by ELISA. mda-5 deficiency abrogated secretion of IFN-␣ and IFN-␤, whereas TLR3 deficiency had little or no effect ( Fig. 2 b and c) . Similar results were obtained with bone marrow-derived macrophages (data not shown). We also compared the contributions of mda-5 and TLR3 to polyI:C-induced secretion of proinflammatory cytokines and chemokines in DC. We observed only a limited reduction of IL-6 secretion in mda-5Ϫ͞Ϫ DC (Fig. 8 , which is published as supporting information on the PNAS web site). Our data suggest that mda-5 is absolutely required for type I IFN responses of bone marrowderived DC and macrophages to polyI:C in vitro, whereas it has a modest effect on proinflammatory cytokines and no effect on cell surface expression of costimulatory molecules. We conclude that, at least in bone marrow-derived DC and macrophages, mda-5 is functionally dominant over TLR3 for type I IFN responses to polyI:C.
We also analyzed the response of thioglycollate-induced peritoneal macrophages to polyI:C administered either in solution or transfected as a complex with cationic lipid. To address the contributions of TLR3-TRIF and mda-5 to polyI:C-induced cytokine responses, we compared peritoneal macrophages from WT and Trif LPS2 mice (7), which carry a single base-pair deletion in the TRIF gene that causes instability or inactivation of the mutant protein. In contrast to bone marrow-derived DC and macrophages, thioglycollate-induced macrophages produced low amounts of IFN-␣ when stimulated with naked polyI:C. However, we observed considerable induction of inflammatory cytokines that was severely impaired in Trif LPS2 cells (5-to 10-fold reduction), indicating a significant contribution of the TLR3-TRIF pathway to polyI:C recognition in these cells (Fig. 3a) . PolyI:C delivered with a transfection reagent induced higher amounts of IFN-␣, which were not affected by the Trif LPS2 mutation; in fact, TRIF-deficient macrophages secreted higher amounts of IFN-␣ than WT controls in several of these assays. Other inflammatory cytokines were also independent of TRIF signaling when polyI:C was delivered in this manner.
In contrast, mda-5Ϫ͞Ϫ peritoneal macrophages responded poorly to both naked and transfected polyI:C; in comparison with WT controls, cytokine secretion was reduced 2-to 3-fold in both cases, and IFN-␣ secretion strikingly diminished in response to transfected polyI:C (Fig. 3b) . This result suggests that the endosomal and cytoplasmic pathways may directly or indirectly, through type I IFN secretion, synergize in this particular case. Together, these data imply that, depending on the specific cell type analyzed, mda-5 may either exercise a dominant role or cooperate with the TLR system for antiviral responses to dsRNA.
mda-5 Deficiency Attenuates PolyI:C-Induced Type I IFN Secretion in
Vivo. To determine whether mda-5 plays also a major role in responses to polyI:C in vivo, mda-5Ϫ͞Ϫ and WT mice were i.v.-injected with polyI:C, either naked or in complex with a transfection reagent. Serum concentrations of IFN-␣, IFN-␤, and proinflammatory cytokines and chemokines were measured at different time points after polyI:C injection. IFN-␣ and IFN-␤ responses to naked polyI:C were abrogated in mda-5Ϫ͞Ϫ mice (Fig. 4a ). When polyI:C was complexed with transfection reagent, the IFN-␤ response was abrogated, but IFN-␣ was partially mda-5-independent (Fig. 4b) . Additionally, a deficiency of mda-5 significantly decreased serum levels of the proinflammatory cytokines IL-6 and monocyte chemoattractant protein-1 (MCP-1) (Fig. 4c) .
To address the relative contribution of TLR3-TRIF and mda-5 to polyI:C-induced cytokine responses in vivo, we i.v. injected polyI:C in TLR3-deficent and Trif LPS2 mice. In both cases, we observed no significant reduction of serum levels of IFN-␣, IFN-␤, IL-6, or MCP-1 in response to polyI:C, either naked (Fig. 4 d-f ) or in association with a transfection reagent (data not shown). These results demonstrate that mda-5 is functionally dominant over TLR3 for type I IFN responses to polyI:C in vivo. for responses to specific RNA viruses that produce dsRNA intermediates during their life cycles. However, dsRNA produced by RNA viruses could be alternatively and dominantly sensed by RIG-I. To address the question of whether mda-5 and RIG-I are redundant or specialize in the recognition of different viruses, we assessed type I IFN secretion of mda-5Ϫ͞Ϫ and WT bone marrow-derived DC and macrophages after in vitro stimulation with an array of different RNA and DNA viruses, including West Nile virus, reovirus, Sindbis virus, influenza A, MCMV, herpes simplex virus-1, and EMCV. The viral panel also included a recombinant influenza A virus expressing an RNAbinding-defective NS1 protein (R38A NS1) (22, 41) . NS1 binds dsRNA and sequesters it from intracellular sensors, thereby promoting viral evasion from host responses (42) . Thus, the recombinant influenza A virus expressing R38A NS1 protein is attenuated and induces high levels of type I IFN (41) .
Remarkably, mda-5 deficiency completely abrogated DC and macrophage secretion of IFN-␣ only in response to EMCV (Fig.  5a ). mda-5 deficiency also compromised IL-6 and MCP-1 secretion in response to EMCV (Fig. 5b) . These results were confirmed in thioglycollate-induced peritoneal macrophages (Fig. 5c) . In contrast, we observed only limited (Ϸ2-fold) reduction of IFN-␣ secretion in response to recombinant influenza A with the R38A NS1 mutation, West Nile virus, Sindbis virus, and herpes simplex virus-1 (data not shown) and no reduction at all with MCMV ( Fig. 5d ) and reovirus (data not shown). These results demonstrate a remarkable specificity of mda-5 for the detection of EMCV, although we cannot exclude a contribution of mda-5 to the recognition of dsRNA from other viruses.
To assess the involvement of mda-5 in the control of EMCV infection in vivo, mda-5Ϫ͞Ϫ and WT littermate control mice were injected i.v. with a lethal dose of EMCV and monitored for survival. After i.v. injection, EMCV infects the central nervous system, causing lethal encephalitis within 72-96 h (43) . mda-5Ϫ͞Ϫ developed symptoms of hind-limb paralysis Ϸ24-72 h earlier than WT mice and succumbed sooner to the infection (Fig. 6) , consistent with an essential role of mda-5 in host resistance to EMCV infection in vivo.
Discussion
Our study demonstrates that mda-5 is remarkably important for type I IFN responses to polyI:C by DC and macrophages in vitro and in mice in vivo. This result is surprising, given previous demonstrations that both the TLR3͞TRIF pathway and RIG-I can mediate type IFN responses to polyI:C. Why does mda-5 predominate over TLR3͞TRIF in the type I IFN response to polyI:C? One important difference between mda-5 and TLR3 is that mda-5 is located in the cytosol, whereas TLR3 is found in endosomal compartments (4). Thus, naked polyI:C or polyI:C in complex with a transfection reagent may predominantly reach the cytosol rather than endosomes, resulting in preferential activation of mda-5. Cytosolic entry of polyI:C may be facilitated by a transmembrane transporter or channel that may be mimicked by the transfection reagent used in our experiments.
TLR3͞TRIF may play a relevant role in vivo when polyI:C or viral dsRNA reach appropriate endosomal compartments. This event could occur when cells phagocytose dsRNA released into the extracellular space by virally infected cells undergoing lysis or necrosis or when cells internalize viruses through receptormediated endocytosis. Consistent with this, phagocytosis of virus-infected cells or cells containing synthetic dsRNA enhances antigen presentation via stimulation of TLR3 in antigenpresenting cells (5) . In our study, mda-5 was essential for bone marrow-derived DC and macrophage type I IFN responses to polyI:C. In contrast, TLR3-TRIF induced responses to polyI:C in peritoneal macrophages, consistent with previous studies (3, 6, 7, 44) . In vivo, in the spleen, TLR3 is found primarily in CD8 ϩ DC but not in marginal-zone DC (45) . Because the marginal zone of the spleen is the first to encounter the contents of the blood, it may be a major target of polyI:C sensing after i.v. administration. Thus, the dominant role of mda-5 over TLR3 in systemic responses to polyI:C could reflect the preferential involvement of tissues that express relatively low levels of TLR3. mda-5 appeared to predominate over RIG-I in type I IFN responses to polyI:C. One possible explanation is that responses to polyI:C require the concerted activation of RIG-I and mda-5. In this case, mda-5 deficiency would inhibit this signaling cascade, preempting RIG-I function. However, it is also possible that mda-5 has a higher affinity for polyI:C than RIG-I or recognizes a specific feature of this particular dsRNA mimic. Therefore, even if RIG-I can bind polyI:C and trigger IFN-␣ secretion in transfected cells in vitro (23) , it may not be required, and mda-5 in fact may be the dominant cytosolic receptor for polyI:C in vitro and in vivo.
Our observation that mda-5 is selectively required for cytokine responses to EMCV but not other viruses supports a model in which mda-5 and RIG-I have different specificities for dsRNA molecules. mda-5 deficiency completely abolished type I IFN and cytokine responses to EMCV in DC and macrophages in vitro, and mda-5Ϫ͞Ϫ mice were highly susceptible to EMCV infection. In contrast, cytokine responses to other viruses were only marginally affected, if at all. Because the amino acid sequences of the helicase domains of mda-5 and RIG-I are only Ϸ35% identical, it is possible that this genetic diversity results in different specificity for distinct dsRNA conformations, resulting in preferential recognition of different viruses. EMCV and EMC-like viruses share structural characteristics in their dsRNA, such as the presence of a homopolymeric polyC acid tract within the 5Ј untranslated sequence (46) . These polyC tracts are retained during viral replication in vitro and in vivo and are associated with virulence. Thus, it will be important to determine whether mda-5 is required for the recognition of other ECM-like viruses and polyC-less EMCV. In addition, it will be crucial to assess the mda-5 contribution to innate responses to other members of the picornavirus family, which includes important human and agricultural pathogens (43) .
The lack of a dramatic effect of mda-5 deficiency on type I IFN secretion by other viruses we tested could be due to the presence of RIG-I or additional yet-uncharacterized sensors that contribute to type I IFN secretion. Additionally, some of these viruses could encode novel immune evasion molecules that specifically antagonize mda-5 function. Indeed, recent studies have shown that human and murine paramyxoviruses encode such a protein, which inhibits mda-5 function and interferes with type I IFN responses (24, 30) . A more detailed study of the RNA viruses that are not affected by mda-5 deficiency may identify additional virally encoded mda-5 inhibitors. Such investigation will help elucidate the pathogenesis of these viruses and facilitate the development of specific antagonists that enhance innate immunity against these viruses and possibly improve clinical outcome.
Materials and Methods
Generation of mda-5؊͞؊ Mice. The targeting construct was designed to replace the first exon and nucleotides Ϸ400 bp upstream of mda-5 with an MC1-neo r expression cassette (Fig.  1) . Correctly targeted ES cells (129x1͞SvJ) were injected into C57BL͞6 (B6) blastocysts. Chimeras were bred to B6 transgenic mice expressing Cre recombinase under the cytomegalovirus promoter (47) to delete the MC1-neo r cassette. The resulting mda-5Ϫ͞ϩ heterozygotes were intercrossed to obtain mda-5Ϫ͞Ϫ mice. Chimeras were also bred to 129x1͞SvJ mice and mda-5Ϫ͞ϩ heterozygotes to obtain mda-5Ϫ͞Ϫ mice on a pure 129x1͞SvJ background.
Mice. TLR3Ϫ͞Ϫ (3) and TRIF LPS (7) mice were on a C57BL͞6 background. Age-matched WT control C57BL͞6 mice were obtained from Taconic Farms.
Cell Cultures and Stimulation in Vitro. Mouse bone marrow-derived DC and macrophages were generated as described (22) . To elicit primary macrophages in mice, 1.5 ml of 2% thioglycollate media was injected i.p., and cells were isolated by peritoneal lavage. All cells were stimulated for 18 -24 h, as indicated in the figure legends. Synthetic polyI:C (Amersham Pharmacia) was used as such or complexed with Fugene (3 l͞g nucleic acid) (Roche Applied Science, Indianapolis). dsRNA was generated by in vitro transcription of a 500-bp template within the firef ly luciferase ORF by using the MEGAscript RNA transcription kit (Ambion, Austin, TX). EMCV (EMCV-k) was obtained from R. Silverman (Cleveland Clinic, Cleveland) and passaged in L929 cells.
Stimulations and Infections in Vivo.
Mice were injected with 100 g of polyI:C or 10 g of polyI:C complexed with 30 l of Fugene. For in vivo infections with EMCV, 1,000 or 300 plaque-forming units were injected i.v. in mda-5Ϫ͞Ϫ mice on either a mixed or 129x1͞SvJ background with appropriate controls.
Cytokine Analysis and Flow Cytometry. IFN-␣ and IFN-␤ were detected in cell-free supernatants and mice sera by ELISA (PBL Biomedical Laboratories, New Brunswick, NJ). TNF-␣, MCP-1, and IL-6 were measured by cytometric bead array (BD Biosciences).
